Purpose: To explore the molecular mechanism of the upregulation of multidrug resistance-associated protein 4 (MRP4) in cholestasis. Materials and Methods: The mRNA and protein levels of MRP4 in liver samples from cholestatic patients were determined by quantitative real-time PCR and Western blot. In human hepatoma HepG2 cells, electrophoretic mobility shift assay (EMSA) was used to determine the affinity of nuclear factor-E2-related factor (Nrf2) binding to MRP4 promoter. Dual-luciferase reporter assay was used to detect the binding of tumor necrosis factor α (TNFα) to the promotor of E2F1. The bile duct ligation mouse models were established using male C57BL/6 mice. Results: The mRNA and protein levels of MRP4 were significantly increased in cholestatic patients. TNFα treatment induced the expression of MRP4 and Nrf2 and enhanced cell nuclear extract binding activity to MRP4 promoter, as demonstrated by EMSA. Nrf2 knockdown reduced MRP4 mRNA levels in both HepG2 and Hep-3B cells. In addition, TNFα increased Rb phosphorylation and expression of MRP4 and Nrf2 and activated E2F1 and phosphorylated p38 in HepG2 and Hep-3B cells. These effects were markedly inhibited by pretreatment with E2F1 siRNA. Dual-luciferase reporter assay validated that TNFα induces the transcription of E2F1. Furthermore, the expression of MRP4, Nrf2, E2F1, and p-p38 proteins was improved with treatment of TNFα in a mouse model of cholestasis. E2F1 siRNA lentivirus or SB 203580 (p38 inhibitor) inhibited these positive effects. Conclusion: Our findings indicated that TNFα induces hepatic MRP4 expression through activation of the p38-E2F1-Nrf2 signaling pathway in human obstructive cholestasis.
INTRODUCTION
Obstructive cholestasis is defined as a mechanical blockage in the bile ducts, which prevents bile from flowing into the duodenum, leading to accumulation of potentially toxic biliary compounds in the liver and bile ducts. 1 Toxicity constituents, such as bile acids and bilirubin, can injure hepatocytes and bile duct cells. Long-term cholestasis may develop into fibrosis, cirrhosis, and even carcinoma. The spontaneous anticholestatic defense mechanisms of hepatocytes comprise adaptive induction of basolateral alternative export pumps, which are important canalicular bile transporters. Interestingly, expression levels of hepatic membrane transporters and bile acid metabolic enzymes have been shown to be significantly altered in cholestasis. [2] [3] [4] For example, as an ATP-dependent organic anion transporter belonging to the ABC transporter superfamily, multidrug resistance-associated protein 4 (MRP4/ABCC4) deficiency has been found to worsen liver injury and decrease plasma bile acid levels in bile duct-ligated mice. [5] [6] [7] MRP4 is widely expressed in many human and rodent tissues, such as liver, kidney, intestine, brain, and breast. Published studies have shown that MRP4 expression is substantially increased in the livers of mice with disruption of bile acid nuclear receptor, accompany by increased levels of serum and hepatocellular bile acids, and that MRP4 can be further upregulated by cholic acid feeding, consistent with a role in bile acid homeostasis. 8 Thus, hepatic MRP4 levels are normally low in rodents, but elevated in obstructive cholestasis, similar to elevated multidrug resistance-associated protein 3 (MRP3/ ABCC3) expression in obstructive cholestasis. 9, 10 The transcriptional regulation of hepatic organic anion transporters comprises a complex interacting network of ligand-activated nuclear receptors, including farnesoid X-activated receptor, pregnane X receptor (PXR), constitutive androstane receptor (CAR), retinoid X receptor, nuclear factor-E2-related factor (Nrf2), liver receptor homolog-1 (LRH-1), peroxisome proliferator-activated receptor-α, and others. These nuclear factors play essential roles in the transcriptional regulation of hepatobiliary transport systems and have been reported to be involved in bile acid metabolism in animal models of cholestasis and cell lines. 11, 12 In addition, Nrf2 has been reported to participate in the transcriptional regulation of drug transporter genes, MRPs. 13 The mechanisms by which proinflammatory cytokines modulate transporter gene expression have been intensively studied over the past decade. Recent reports indicate that the proposed mechanism by which tumor necrosis factor α (TNFα) upregulates MRP3 is via induction of the liver receptor LRH-1. 14 Thus, TNFα may be the factor that mediates bile acid-dependent induction because it upregulates LRH-1 expression in vitro.
In a previous study, we found that the upregulation of hepatic MRP3/ABCC3 expression in human obstructive cholestasis is likely triggered by TNFα and mediated by the activation of SP1. 15 However, whether TNFα signaling plays a role in Nrf2-stimulated MRP4/ABCC4 expression is still unknown. Decades of study have shown that several intracellular stress signals, including mitogen-activated protein kinases, extracellular signal-regulated kinase (ERK), and c-Jun-N-terminal kinase (JNK), can be stimulated by lipopolysaccharides in hepatic Kupffer cells. 16 In this study, we investigated whether p38 MAPK signaling is involved in the TNFα-mediated regulation of MRP4. To this end, we assessed MRP4/ABCC4 expression and plasma levels of TNFα in the livers of patients with obstructive cholestasis by quantitative real-time PCR (qRT-PCR), Western blot, and ELISA. The expression of MRP4, Nrf2, E2F1, p-p38 MAPK and p-Rb proteins was detected by Western blot analysis. The binding activity of Nrf2 to the MRP4/ABCC4 promoter was analyzed by electrophoretic mobility shift assay (EMSA). In this report, we described the association of increased hepatic MRP4/ABCC4 expression with elevated TNFα levels and enhanced Nrf2 expression, showing that p38-Rb-E2F1 signaling is involved in this progression.
MATERIALS AND METHODS

Patients and samples
All liver samples were collected from patients at Southwest Hospital (Chongqing, China) with informed consent from all partic-ipants, and this study was approved by the Southwest Hospital Institutional Ethics Review Board and carried out in accordance with the Declaration of Helsinki of the World Medical Association. Control liver samples were also obtained during resection of liver metastases without cholestasis (n=14; three rectal metastases, four colorectal metastases, seven colonic metastases). Cholestatic liver samples (n=14) were surgically resected from patients with obstructive cholestasis caused by biliary stones originating from the intrahepatic bile duct and common bile duct. Surgery was carried on these patients out within 3 days of admission due to severe symptoms of biliary obstruction and jaundice. Neither ursodeoxycholic acid (UDCA) nor other preoperative therapy was administered. Isolated liver samples were immediately cut into small pieces and stored in liquid nitrogen. The clinical characteristics of the patients are listed in Table 1 . Gender was not a factor involved in altering adaptive response gene expression in cholestatic patients.
Cell culture and treatment
Human hepatoma HepG2 cells and Hep-3B cells and human embryonic kidney HEK293T cells (ATCC, Manassas, VA, USA) were maintained at 37˚C in DMEM (Sigma Chemical Co., St. Louis, MO, USA) containing 10% FBS, 1% L-glutamine and 1% streptomycin (Invitrogen, San Diego, CA, USA). Before chemical treatment, cells were serum-starved overnight and then treated with the indicated dose of chemicals for designated times. For p38-Rb-E2F1 signaling inhibition experiments, HepG2 or Hep-3B cells were transfected with E2F1 siRNA (GenePharma, Shanghai, China) for 48 h prior to the addition of TNFα. For eliminating reactive oxygen species (ROS), cells were pre-incubated with 1 mM N-acetyl-L-cysteine (NAC, Beyotime Biotechnology, Shanghai, China) for 30 min before being exposed to TNFα.
Cell transfection
The siRNA constructs used in this study were all purchased from GenePharma, including a negative control siRNA (neg. siRNA), Nrf2 siRNA, and E2F1 siRNA. Transfection of HepG2 cells was performed using Lipofectamine ® RNAiMAX Transfection Reagent (Invitrogen, Carlsbad, CA, USA) following the manufacturer's protocol. Cells were transfected with 100 nM siRNA and were cultured for 48 h, after which the following experiments were performed.
Animals and treatments
Male C57BL/6 mice (8-9 weeks, weighing 21-25 g) were obtained from the experimental animal center of the Field Surgery Research Institute (Daping Hospital, Chongqing, China) and underwent bile duct ligation (BDL) or sham-operation, as previously described. 17 The p38 inhibitor SB 203580 (Sigma Chemical Co.) was dissolved in 3% DMSO. Mice in the experimental group were pretreated with 30 mL of SB 203580 (100 μM) or 100 μL of E2F1 siRNA lentivirus. The recombinant lentivirus of E2F1 siRNA was prepared and titered to 10 8 TU/mL. TNFα was https://doi.org/10.3349/ymj.2019.60. 11.1045 intravenously administered at various time periods as indicated.
ELISA
ELISA kits for human and mouse TNFα, IL-6, and IL-1β detection were all purchased from Beyotime Biotechnology. Plasma levels of TNFα, IL-6, and IL-1β in cholestatic patients or in mouse models of cholestasis were assayed using the corresponding ELISA kit according to the manufacturer's instructions.
Liver function
At the end of the treatment period, blood samples were collected from the orbital veins of mice under anesthesia. After 2 h of coagulation at room temperature, blood samples were centrifuged at 5000 rpm for 15 min The serum was collected for the detection of alanine aminotransferase (ALT) and aspartate trans-aminase (AST) levels using an automatic biochemical analyzer (AU5800 Series, Beckman Coulter, Brea, CA, USA).
Detection of reactive oxygen species
Intracellular ROS levels were determined using Reactive Oxygen Species Assay Kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). Briefly, HepG2 cells and Hep-3B cells were cultured in DMEM in the presence of 50 ng/mL of TNFα. After 12 h, cells were digested with 0.25% trypsin and were then collected into centrifuge tubes. The collected cells were rinsed twice with 10 mM fresh phosphate buffer saline, re-suspended in serum-free medium containing 10 μM 2' ,7'-dichlorofluorescin diacetate (DCFH-DA), and then incubated in the dark for 30 min at 37°C. At the end of incubation, cells were washed three times with serum-free medium to fully remove DCFH-DA that did not enter cells. The intensity of ROS fluorescence was measured by flow cytometry (BD Biosciences, San Diego, CA, USA) at the wavelength of 488 nm.
RNA extraction and qRT-PCR
Samples of liver tissue frozen (100 mg) in liquid nitrogen were ground and subsequently used for the extraction of total RNA with TRIzol reagent (Invitrogen). Total RNA was reverse transcribed into cDNA using a Revert Aid TM first strand cDNA synthesis kit (MBI Fermentas Inc., Ontario, Canada). qRT-PCR using a SYBR ® premix Ex Taq TM II kit (Takara Biotechnology, Tokyo, Japan) was performed in a Bio-Rad CFX96 real-time system machine (Bio-Rad, Hercules, CA, USA) to determine the mRNA levels of specific genes, whose primers are listed in Table 2 . The amplification efficiency of target genes was considered using CFX manager 2.0 (Bio-Rad) for data analysis. GAPDH was used as a reference for normalizing data.
Western blot analysis
Total membranes and nuclear extracts were prepared as described previously, 18 and protein concentrations were determined using a Bradford kit (Thermo Scientific, Rockford, IL, USA). The dilutions of primary antibodies were MRP4, 1:1300; Nrf2, 1:1000; p-p38 MAPK, 1:2000; E2F1, 1:2000; and p-Rb, 1:2500 (Cell Signaling, Danvers, MA, USA). GAPDH and SH-PTP1 (Santa Cruz Biotechnology, Santa Cruz, CA, USA) were used as loading references for data analysis.
Electrophoretic mobility shift assay
Oligos containing the Nrf2 response elements in the human MRP4/ABCC4 promoter or its mutant forms, as previously reported, 18 were labeled with γ-32P-ATP (10 mCi/mL). EMSA was performed using nuclear extracts from HepG2 cells as described previously. 19 
Dual-luciferase reporter assay
cDNA fragments containing the predicted TNFα binding sequences in E2F1 were amplified and subcloned into the pGL3 luciferase promoter-reporter vector (Promega, Madison, WI, USA). As a control, the pGL3-mutE2F1 plasmids were also constructed using cDNA fragments containing corresponding mutated nucleotides for TNFα. HEK-293T cells were seeded into six-well plates at 1×10 5 cells per well, transfected with 0.1 μg of pGL3-E2F1 or pGL3-mutE2F1 vectors in the presence of pre-TNFα or pre-DMSO negative controls using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA), and incubated for 48 h. Cells were harvested and luciferase activities were measured using the dual-luciferase reporter assay kit (Promega) according to the operating instructions.
Statistical analysis
All data are expressed as the mean±SD of at least three determinations and were analyzed using one-way ANOVA and subsequent Tukey's multiple comparison test for comparison of two groups. A difference was accepted as significant if p<0.05.
RESULTS
Hepatic MRP4 expression and plasma TNFα are elevated in patients with obstructive cholestasis
In this study, Western blot analysis showed that the expression of MRP4 in liver samples of patients with obstructive cholestasis was significantly increased (3.8-fold) when compared with control liver tissues samples. qRT-PCR assay revealed that the expression of MRP4 mRNA was increased 3.4-fold in liver samples of patients with obstructive cholestasis (Fig. 1A) . ELISA kit TCTATGTGCCTCCAAAGG CTCAGCATGATGGACTTGGA GAPDH ACCACAGTCCATGCCATCAC TCCACCACCCTGTTGCTGTA was used to evaluate the plasma levels of cytokines. Compared to the control group, the levels of TNFα and IL-6 were significantly increased in cholestatic patients, whereas levels of IL-1β were not significantly altered (Fig. 1B) .
TNFα increases Nrf2 expression and DNA binding to MRP4 promoter
Here, we determined the regulatory mechanism of the promoter of the second rescue transporter MRP4 and related receptors in response to TNFα in obstructive cholestasis. Our results indicated that TNFα increases Nrf2 mRNA and nuclear protein expression in a dose and time-dependent manner in both HepG2 ( Fig. 2A) and Hep-3B cells (Fig. 2B ). Furthermore, EMSA demonstrated that TNFα increases binding capacity to MRP4 promoter in a time-dependent manner when using the Nrf2 response element in nuclear extracts from HepG2 cells (Fig. 2C ).
To confirm that Nrf2 is critical to inducing MRP4 expression, siR-NA against Nrf2 was transfected into HepG2 cells or Hep-3B cells in the presence of TNFα treatment. As shown in Fig. 2D , the transcription of MRP4 was significantly inhibited by Nrf2-siRNA transfection. These results confirm that TNFα treatment induces Nrf2 expression and enhances Nrf2 binding to MRP4 promoter.
Since it has been reported that cholestasis can induce ROS production in hepatocytes and that TNFα increases ROS levels, we investigated whether ROS is an initial trigger that activates MRP4 under the stimulation of TNFα. NAC, a ROS scavenger, was used to inhibit ROS production in this study. We demonstrated that ROS levels were significantly elevated in both HepG2 cells and Hep-3B cells after TNFα stimulation and were positively correlated with mRNA levels of MRP4 ( Fig. 2E and F) . NAC pre-treatment significantly inhibited ROS production, but did not change the mRNA levels of MRP4, compared to the TNFα Fig. 2E and F) . These data implied that ROS is not an essential mediator of MRP4 expression stimulated by TNFα.
TNFα mediates MRP4/Nrf2 interactions via p38-Rb-E2F1 activation
To investigate whether p38 MAPK and E2F1 are part of the TNFαenhanced MRP4/Nrf2 signaling pathway, we treated HepG2 cells and Hep-3B cells with 50 ng/mL of TNFα for 12 h. The results showed that phosphorylated p38 and E2F1 were activated in a time-dependent manner of TNFα treatment in both HepG2 cells and Hep-3B cells (Fig. 3A) . The results of luciferase reporter gene assays showed that pre-TNFα significantly induces luciferase activity in pGL3-E2F1-3'-UTR-transfected cells, whereas luciferase activity is not affected by pre-TNFα in the pGL3mutated E2F1-3'-UTR transfected group in comparison with pre-TNFα-negative control treatment (Fig. 3B) . When HepG2 or Hep-3B cells were pretreated with E2F1 siRNA, TNFα-induced E2F1 activation and phosphorylation of Rb and p38 were abolished, whereas reductions in Nrf2 and MRP4 protein levels were observed in these cells ( Fig. 3C and D) .
TNFα injection increases MRP4/Nrf2 via p38-Rb-E2F1 pathway in mouse models of cholestasis
Expression of MRP4 protein in patients with obstructive cholestasis has been observed. In addition, we determined the expression of Nrf2 and MRP4 in BDL mice. As in patients with cholestasis, TNFα levels in mouse models of cholestasis were markedly upregulated, compared with levels of IL-6 and IL-1β (Fig. 4A) . Serum levels of ALT and AST in BDL mice were also significantly elevated (Fig. 4B) . The expression of MRP4 and Nrf2 proteins in Western blot analysis was induced in BDL mice when compared with sham rats. Moreover, after injection with 50 ng/mL of TNFα, the expressions of MRP4 and Nrf2 were significantly upregulated in BDL mice (Fig. 4C ). In addition, p-p38 and E2F1 expression was significantly elevated after injection with TNFα (Fig. 4D ). Similar to results in patients with obstructive cholestasis, these data confirmed that TNFα participates in the regulation of MRP4/Nrf2 expression and that E2F1 may be involved in this regulatory mechanism. The expression of these proteins was decreased by pre-treatment with either E2F1 siRNA lentivirus or SB 203580. 
DISCUSSION
Cholestasis is a clinical syndrome characterized by systemic and intrahepatic retention of excessive toxic bile acids that causes liver injury, which may result either from a functional defect in bile formation at the level of the hepatocyte or from an impairment in bile secretion and flow at the bile duct level. 10 Both congenital and acquired pathogenic factors can cause bile acid secretion disorders and homeostatic imbalance, and eventually develop into cholestasis. However, treatment methods available for cholestasis and the current knowledge of related molecular mechanisms are seriously lacking. Recent research has shown that reduced expression and function of transport systems may underlie the pathogenesis of cholestasis.
In recent years, transcription factors have been proven to play crucial roles in bile acid detoxification and output in cholestasis, such as multidrug resistance-associated protein (MRP), bile salt export pump, and the basolateral Na + -dependent bile acid uptake system (NTCP). 15, 20 The elevated expression of MRP4/ABCC4 has been previously reported in the liver tissues of cholestasis rodent models and some patients with primary biliary cirrhosis and obstructive cholestasis. 21 Upregulation of MRP4 protects against the accumulation of toxic bile acids during cholestasis by facilitating their efflux into the blood for ultimate renal excretion. 22 In this report, we found that protein and mRNA expression of MRP4/ABCC4 and TNFα levels were significantly increased both in obstructive cholestatic patients and in mouse models of cholestasis. However, whether TNFα induction of MRP4/ABCC4 may also be mediated through an Nrf2 pathway needs further study. Thus, we explored the role of TNFα in hepatic MRP4 expression and the expression of related nuclear receptors, Nrf2, in the HepG2 cells, which may have major clinical and therapeutic implications.
TNFα is a pleiotropic cytokine that mediates inflammatory, proliferative, cytostatic, and cytotoxic effects in a variety of cell types. TNFα has been thought to be crucial for liver injury and subsequent liver fibrosis. 23 Interestingly, in contrast to its negative regulatory effects, TNFα plays a protective role against liver injury. 24 The current study showed that proinflammatory cytokines (IL-1β and TNFα) regulate ABCG2 and PXR expression, as well as NF-κB activity, in some breast cancer and normal cells. 25 Moreover, recent studies have shown that Nrf2 activators, such as UDCA and oltipraz, induce MRP efflux transporters in rodent liver. 26 Our data demonstrated that TNFα significantly increases the expression of Nrf2 and enhances Nrf2 binding to the MRP4 promoter in HepG2 cells in a time-and dose-dependent manner.
Our previous study indicated that upregulation of hepatic MRP3/ABCC3 expression in human obstructive cholestasis is likely triggered by TNFα and mediated by activation of the JNK/ SAPK signaling pathway. 15 Major members of the SAPK family include ERK, JNK, and p38 MAPK. To investigate whether p38 MAPK was part of the mechanism of TNFα-enhanced MRP4/ Nrf2, we pretreated BDL mice with the p38 inhibitor SB 203580. Blocking p38 activity with SB 203580 had no effect on JNK, ERK, or several other protein kinases. The Rb/E2F1 pathway, which is a vital regulator of G1-S phase transition, has been shown to act as a converging point for multiple signaling events. 27 In Jurkat cells, Rb/E2F1 is modulated by p38 in response to Fas activation. 28 Our results showed that TNFα increases p-p38 and E2F1 expression. However, both E2F1 siRNA and SB 203580 blocked TNFαinduced Rb phosphorylation, induction of expression of the transcription factor Nrf2, and MRP4/ABCC4, p-p38, and E2F1 expression in HepG2 cells. In the present report, we demonstrated that, indeed, Rb/E2F1 is activated by TNFα-activated p-p38. Otherwise, Rb/E2F1 can modulate upstream p38 signals. Accordingly, we speculated that TNFα-induced hepatic MRP4/ ABCC4 expression via activation of the p38-Rb-E2F1 signaling pathway is accompanied by an increase in Nrf2 expression and functions in human obstructive cholestasis.
In severe cholestasis, liver inflammation may increase TNFα expression and result in upregulation of MRP4/ABCC4 expression. Hepatic MRP4/ABCC4 expression does not change, because TNFα levels may be normal in the early stages of cholestasis. Our findings indicated that Nrf2 plays a role in TNFα-mediated induction of MRP4/ABCC4 expression. Nrf2 has also been implicated in the upregulation of MRP3 in mouse liver and may theoretically be activated in obstructive cholestasis via the accumulation of hydrophobic bile acids. The mechanism of MRP4 and 3 induction has not yet been fully elucidated. Hypothetical mechanisms include upregulation via nuclear factors, such as Nrf2, which have been shown to be activated by biliary compounds. In a previous study, we demonstrated that PXR and CAR protein levels were also significantly increased in obstructive cholestasis. 18 Whyte-Allman, et al. 29 reported that MRP4 mRNA and protein expression was significantly upregulated in an in vitro cell line model of the blood-testis barrier after exposure to PXR or CAR ligands. Meanwhile, PXR or CAR knockdown attenuated the expression of MRP4. 29 This positive correlation between MRP4 and PXR/CAR suggested that PXR/CAR might also be involved in the regulation of TNFα-induced expression of MRP4. Nevertheless, the relative contribution of each transcription factor remains to be determined.
This study mainly focused on the mechanisms of the adaptive response of TNFα-upregulated expression of MRP4/ABCC4 in obstructive cholestatic patients. Nevertheless, we also noted alterations in the expression of other genes (MDR3/ABCB3, NTCP/ SLC10A1) involved in bile salt transport and synthesis in obstructive cholestatic patients. These changes in gene expression were consistent with previous reports and appeared to contribute to the overall adaptive protective responses in cholestatic liver injury. 9, 30 A sketch map was provided in Fig. 5 to illustrate the pathway of TNFα-induced expression of MRP4.
In summary, the current study demonstrated that the upregulation of MRP4/ABCC4 in obstructive cholestasis is positively associated with serum levels of TNFα. We also showed that TNFα induces MRP4/ABCC4 expression via p38-Rb-E2F1 activation with a concomitant enhancement of Nrf2 expression in human hepatocytes. These findings suggest that the proinflammatory cytokine TNFα plays a cytoprotective role in cholestatic liver injury. 
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